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(54) Improved metliod and apparatus for determining dip angle, and liorizontal and vertical 
conductivities 

(57) Tbe present invenlidn is directed to a method 

and apparatus for detenmung the angle and hori- t 
zontal and vertical conductivities of a welitxre during 
drilling operations. If the df> angle is rxyt known, the 
present invention allows for the use of muttifrequency 
measurements and a model which maps dielectric per- 
mitivities to conductivities to calculate the horizontal 
conductivity, the vertical corKluctivrty. the horizontal die- 
lectric permitrvity. the dielectric permitivfty. and the dip 
angle If the cBp angle is known, the present ItwenKion 
aOows a muhifrequency tod to t>e utifized ak>ne to cal- 
culate the horizontal conductivity, the vertical conductiv- 
ity, the horizontal dielectric permHivity, and the vertical 
dielectncpemiitivHy. If ttied^ angle is not known, a sin- 
gle frequency restsiivity tool (as opposed to a mulfifire- 
quency tool) can be uSTized in ooni)ina1ion with a model 
wfiich nv^^s di^ectric pemvtiviSes lo condUdivtlies to 
calculate the horiaontat conductivity and the horizontal 
dielectric permHivity. 
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Description 



BACKGROUND OF THE INVENTION 



5 i« Field Of the liwentfon: 



ThepreserAinmtSonr^es in ^eneraf io weS-logging cpemSions^ and Is parScula/l/ useful in anisolrcpfc forma- 
tions. 

lii^ 2. Description of the Prior Art: 

In oil and gas exploration, measurement-wtitle-dritnng or wvrefine systenns are utilized to de/etop logs of the earth 
formations sunouncfing the tnrehola In genera!* loggftig pactages incfeide: a transmission system that energizes the 
earth Ibnnafibns wilh eOher an efedromagnetic fiefcl or curents. and at ieasC one receiver system idr monitoring (he 

t5 effect that the earmfiorniafions(OTd borehole} have on the field or current 

The elecirica) properties of the earth formations provide information atxxit the geologic materials that make up the 
tbrmaticns* and about their likely oil, gas» and water content The most useful electrical attrftxjte is resistivity (or con- 
(kictrvity). However, the (fietectric property of the earth torn^ 

Some earth formations are isotropic wtuch means that the earth fbrniation does not preferentially conduct electric- 

so ity in any particular directioa Other formations are anisotropic, which means that the earth formalk)n may have a 
greater corxiuctivity in one particular drection than in another particular direction. This is particularty true in many sed- 
imentary geologic formations in wfiich cunent ftows more easily in the direction parallel to the bedding planes than 
transversely to them due to the fact that a number of mineral crystals are flat or elongated in shape, and they naturally 
took an orientation paraNel totheplaneolsedmentalion when they were deposited. 

2S tooilandga$e)qploratioatheanisotropyof earthtornr»fionscanbea^ 

verfical conductivity wtvch is transverse. Alternatively, an anisotropy coefficient (X) can be utiPized to quantify the anisot- 
ropy in accordance with Equatfon Na 1 : 



The detarminalion of horizontal and vertical conductivities is compTicated by directional drilling which generates 
tx>reholes that are at an angle relative to the earth formations. This arigie is called retathre dip angle and is often not 
tviown precisely. 

40 Others have proposed techniques for detemrsning conductivity in arvsotropic formations. In an article by T Hagi- 
wara entWed rA New Meihod to Det&rmSne ttorbontal-ftosfstivny bi Anisotropic Formanons Without Prior 
Knowfedge ofRetattvo Djp", presented on June 16-1 9. 1996, at the SPWLA 37th Annual Log^'ng Symposium, a tech- 
nique is proposed which aiksws for the calculation of honzorrtal conductivity without any prior knowledge of the dtp 
angle. This may reduce the dependence of iogging-wh3e-drflling operatior^s on survey instruments. 

45 One problem with the approach suggested by Haglwara is that influence of the dielectric properti es of the formation 
is largely ignored. In relatively high resistivity geologic formatfons (like oil-bearing sands) the impact of tfie dielectric 
effect tnaeases in tnfkience on the measurements firom which conductivity is calculated. Atea the dielectric effect has 
a greater ftipact for high ftequency irrterrogatibn signals. 

so SUMMARY OF THE INVENTION 

n is one otijective of tiie present invention to allow for the simultaneous measurement of horizontal and vertical 
reastivities. horizontal and vertical dielectric permttivity (or "constanT}. and the (tip an^e using multiple frequency 
resistivity tools and using anisotropic formation models tiiat relate dielectric permitivity to corxfuctivities. 
65 Aftematively. if the dip angle is known, the conductivities and dielectric constants can be measured using mutofre- 
quency tools without any anisotropic formation model. The measuremerrts can also be used to verify the validity of the 
anisotropic formation models which relate horizontal and vertical fonmation conductivities to the cfielectric permitivity. 
This is not practical with single frequency tools. 
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EQUATION NO. 1: 
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Atterna&V8ly/91h0nxxSelviMch relates and vertical oondUctivifies to IKe dielec^ Ihis 

invention 8isoaHc3Ws one to obtain th horizonlal reasthnty, as wett as the horizon 
frequency tools without fvKwing the dip tnhi(^res(5fiyity zones or wthNgh frequency interioga^ 
d*f> angle is loKMm, the vertical resistivity a^ 

5 • . 

BRIEF DESCRtPHON OF HIE DRAWINGS 

The novel features believed characteristic of tfie invenfk^ 
howetrer, as wett as a iveferred nrK)de of use; further ot^ 
10 erence to the loBov^ detailed description ol an iluslrativeervt>od^ 
nying drawingSk wherein* 

Rgure 1 depicts acfriDstring wtiich nichxies a logging-whiie-driinng ^era 
Figure 2 IS a flow chart representation of the $nf)<enieniation of the preset 
15 Figures 3 through 7C depict a logging-whi1e-drtH^ 

DETAILED DESCRIPTION OF THE INVENTION 

It has been shown by Hagiwara that using resistivity tools with axialK4)0le antennas^ one can measure horizontal 
so resistivi^ and a function of vertical resistivity and relative <fijf> angle Without addttional information, the vertical resistiv- 
ity and relalive angle cannot be umquely determined, no rnatter hew m^ 

However, this is only true for low frequency tods. At higher frequencies, where the dieleclric effect becomes impor- 
tant, even the horizontal resistivity cannot l>e determined with a single frequency measurement in deviated wells. The 
antenna readings are affected by five formation parameters: two resistivities, two dielectric constants (or "permrtivtlies'). 
25 and dip angle. Four vxfependent parameters derived from the five formation parameters completely determine the 
antenna readings. They are horizontal resistivity, horizwrtal dielectric pernBtivity. a hnc^on of vertical resistivity arxJ rel- 
ative dip angle, and the same function of vertical dielectric permrtivity and relative dip eingle. With a single frequency 
the contributions from displacement and conduction currents in the formation to the measurements cannot be. as a 
practical matter, separated. Sirtce the effects of dielectric permitivity and resistivity on wave number vary differently with 
30 frequerKy. in accordance with the present invention, with multiple frequency measurements one can obtain tlie four 
parameters. However, these four alone cannot detenmine aB five formation parameters^ 

One other function or equation Is necessary in order to d^ennine all ffve parameters. The function or equation that 
allows the determination of all five formation parameters is the relationship t)etween conductivfty and the dielectric 
effect. The factors that cause macroscopic conductivity anisolropy necessanly cause dielectric anisotropy. The aniso- 
3S tropic dielectric permitivitiesarxicorvludivities are not Mepend 

is estabfished for a given formation type, one can use the four measurements, plus a formation anisotropy model (or 
chart or formula), to uniquely datemvne all five parameters. Of course; if the relative dp angle is known, the resistivilies 
and dielectric permitivities can be determined without any fonnafion models. 

As detected in Figure 1 . in accordance with the preferred embodiment of the present trvention, a logging-wfiile^ill- 
40 ing system 11 is provided and coupled to drillstririg 21 which extends into borehole 23. As s shown, tx^rehole 23 
exterxis at an angle tftfough earth forn^ation 25 winch, for exarrple, is conposed of a^ 

deposits. It includes at least one transmitter 13. 15 for generating interrogating electromagnetic fields. Preferat)ly. ffie at 
least one transmitter 1 3. 1 5 can generate intenogating electromagrietic fields having different frequendes. The logging- 
while<lrilling system 1 1 also includes at least one receiver for detecting the effect of the earth formatiorts (and txyefide) 
45 on the ir)terrogating electromagnetic fields. I^eferabty. a differential receiver is utilized which ffidudes two spaced-apart 
receiver amermas 17, 19 and reception circuitry for detecting current induced in the receiver antennas 17, 19. 

As is oon^/enb'onat. loggtng-whtle-drilling system 1 1 is capable of measuring any of the following electrical attributes 
which can be utilized to measure any combination of the following, utilizing at least two interrogation frequencies: 

so (1) the amplitude attenuation of the interrogafing etectromagnelic field; 
the phase shift of the interrogating eleciromagnetic field; and 
(3) tfie in^shase and out-ofi^hase oonponents under phase quadrature analysis. 

In addition to the measurements, the present invention requires that a model (formula, chart tattle, etc.) be devel- 
«5 oped that relates (or "mapsT the delectric "constants" or "permitivities" of a particular type of earth formation to partic- 
-^' •'-ularanisotrof^ic conductivities. - . -«..>«^ .-. -~ 

The present invention allows for the following particular uses: 
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1. V me angte is mit Imva »>» prasanl 
andp)1h model wMc^nufsscSelectricpflr^^ 

(1) the horizontal oonducfivtly; 
5 C2)thevertk»lo(>nducth^ 

(3) the h(yizontal dielectrk; peffTvt^^ 

(4) the vertical (Selectnc permilMiy; and 
{5}thed|>angta 

w 2.1fthed;panslel6loKiwn\amult»requencyre 

the model which maps detedric permHhnfies to conductivHiee) to calciilate: 

(1) the horizontal conductivity; 

(2) the vertical conc&ictivity; 

15 (3) the horizontal dielectric perintivity; and 

(4) the vertical diefedric peritvtivity. 

3. If the dip angle is not tox)wa a single frequency resistivity ^ 
fized in oontNnation with the inodel wNch maps dielec^ 

so 

(1) the horizontal oondbctlvily; and 
^] the horizontal dielectric permalrvity. 

How these commercially advantageous uses can be otnained ubTizing the present invention vnlt now be described. 
25 TTie log response of an MUction tool with axial dipote antennas to an arvsotropic formation is described by Cqua- 
tionNo.2: 

EQUATION NO. 2: 



as wherein ihe induced voltage V is expressed in terms of three parameters oi Equafions 3. 4. and S. as foOowB: 
EQUATION NO. 3: 

40 

EQUATION NO. 4: 



5 = Jsin*e +-A-cos^e - £ 



so EQUATION NO. 5: 

-sin'0 



SB 

wherein: 
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10 



e represents the dip angle 

K)i represents the cx)rrf>t0X wave number in the hori^^ 

ky represents tfieoon^itex wave number h the verti(si (frec^ 

L represents ttiespadng between a transmitter and a receiver 

5 S represents ttie rescaled distance in an antsolroptc m&(Sum 

The values for kh and can be determined from the idlowing Equations Na 6 and 7: 
EQUATION NO. 6: 



EQUATION NO. 7: 

Equafion Na 5 can k>e restated as Equation No. 8: 



EQUATION NO. 8: 



p to 1=1 + -"^ *-* — . ** 



If the relative magnetic permeabitity is assumed to be 1 (which is a fair assumption for non-leirous formations), 
Equation Na 8 can t>e restated as Equation No. 9: 

EQUATION NO. 9: 



tn formations where the CRIM model (which is a model that relates resistivfty to (fielectric permftivity, as descnt)ed 
45 in USl Patent 5,1 44^45, 'Method for Evaluating a Borehole Formation Based on a Formation Resi^^ty Ljoq Gener- 
ated by a Wave Pfopagation Formation Evakjation Toot\ to M. Wisler. and owned by Baker Hughes tncorporated, and 
hcorporated herein by reference) appli^ the (fielectric permHivity is related to the formation oonducfiwty through 
Equation Na 10. as fbfldws: 

^ EQUATION NO. 10: 



ss where e is the dielectric constant a is the fonmation ccnducliyily, c and a are constants. At 2 MHz. c » 210 and 

a B -.43. At 400 KHz, a is slightly different and c is about twice of its value at 2MHz. Since the dielectric effect at400 ' 
MHz is much smaller than tfiat of 2 MHz, it is a good approximation to assume both c and a as toeing independent of 
frequency for MPR tool measurements^ Tbi^approodmation is made for simplicily of argumentSw Any known frequency 
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deperxlency used in ihe CRIM niodei woukl 0^ 

lion. It would not change the essence of the invenfon. In the present Invention the "InodeT wftich releases relates resis- 
tivity to (fielectrv pernvtiyity may t)e a data file maintained in electronic or semiconductor memory whicti is accessible 
through machine readable program ihstructoi, or it may oon^^ 
inmemory. 

Ih oonrpensatedkxig spacing phase differences and ampfitixie ratios at ^ 
p2mL a2m. They can be used through an inversion method to 
No& 11*14. as follows: 



IS 



so 



EQUATIONNO.il: 



EQUATION NO. 1Z- 
EQUATION NO. 13: 

nt3 = (e^--6^)sin^9 



EQUATION NO. 14: 

to4 = (o^ ~a;i)sin^e 



3S The inversion involves four parameters (and is ttius Ibur-dimensional") and can be extremely corr^icated. An 
effective inversion method is an iterative one which reduces the lour-dimensional niversion into a series of two-dimen- 
sional inversions which have been used in the prior art Since Ihe (fieiectric effect on the lower frequency measurements 
is small, one starts by assuming that there is no dielectric effect on the 400 KHz measurements. The two lower fre- 
quefKy measurements are used to obtain m2 and m4. Then the two 2 MHz measurements are used todetermtne the 

40 remaining two parameters, ml andmS.Thenon-zeroml and mS are then used to refine m2 and m4 by a new 400 KHz 
inversion. The newly obtained m2 and m4 are used in the 2 MHz inversion to update ml and m3. This process contin- 
ues until a predetenntned accuracy is achieved. The attached flow chart of Rgure 2 shows how the 4-d inversion proc- 
ess works. 

After the inwerslbn. we have the following Equations Nos. 15-ia 

45 



so 



ss 
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EQUATION NO. 15: 



EQUATION NO. 16: 



to 



EQUATION NO. 17: 

EQUATION NO. 18: 

^ m4 = (a^-aj^)sui^9 

where ml. inS, m3. m4 are the resuHs of inversioa The horizontal dielectric permitivity and resistivity are determtned. 
Using the GRIM model we have Equation Noe. 19 and 20. 



EQUATION NO. 19: 

m3 = c(a; -on«»^9 = -in2')sm^e 

EQUATION NO. 20: 

The ratio of the above two equations gives us Equation Ma 21 » as follows: 

EQUATION NO. 21: 

m3 c{c:-mV) 
m4 o^-nd 



This equation is used to calculate throu^ a trivial one^imensional Inversion. Using the CRM model, is cal- 
culated. So we have determtned ^pt^^oy^ Using either Equation 17 or 18, the c%> angle is determined. 
90 Theapparatus1hatcant)e utilized to implement the present invention wiU now be descrit>ed with reference to Fig- 
ures 3 throu^ 7C. 

TRANSMISSION AND RECEPTION SYSTEMS: Figure 3 prpvides a block diagram view o> an exemplary loqfflnQ 
tod 201 constructed in aocoidance with the present inventioa Logging toot 201 includes upper transmHters 203. 205, 
lower transmttters 207. 209. and intennediate series resonant receiving antennas 211. 213. Central processor 215 is 
65 preferably a miaoprocessor device which is ufifized to coordinate ttie operation of the components of logging tool 201 . 
to record and process the data obtained from measurements made by intermediate series rescrant receiving antennas 
211. 213, and to interact vvith the mud pulse telemetry data transmission system cammed in the acQolning drill collar 
member. Processor 217 is provided and dedicated for the control of numeri^atfy controlled osaHalor 223. Processor 
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219 is provided and dedicaM for ftw 

cates vntfi prooassors 217, 219 via data kxses 241. 243 respe^^ 
adapted to receiye ab'nary cofTWTiand as w 
phase, and anpTitude attrt}utes^ The fr^ 

command signals applied from processor 217. 219tothe input cfnumericaliy controfled oscillators 22$, 225. and the 
data contained in various registers within numericaOy controQed osdltators 223. 225. Numerically oonlrolted OGCillatois 
223. 225 provide the anak)g signal to transfTvtting circuits 227. 2^ 

Receiving antennas 211. 213. communicate through analog re^^ 
input channels d a digital signal processor 221. Ibe digital signal process^ 
inputs after it is converted from analog fonm to digital 
data dements tnacfrcufar memory buffer. Central processor 215pulsdat^ 

termined manner in order to sample the cunrent which is generated In receiving antennas 211. 213 in response tothe 
propagation of electromagn^c signal through the aC5oWng (ormatioa As is conventional, the reststivrty of the torma- 
tion sirrouncfing the logging tooi 291 may be determined by either (1) determining the ampfitude attenuatoi of an elec- 
tromagnetic wave propagating through the formation adjoining receivtng antenna 211 and receiving antenna 213, or (2) 
kjy determining the phase shift between the electromagnetic signal propagating through the formation adfjoining receiv- 
ing antenna 211 and 213. or from both. These measurements conprise a 
uation and a relative measure of the phase shift 

The present invention also allows other techniques for quantffying the electromagn^ field which propagates 
through the formation surrounding logging tool 201 . Since precise control can be obtained with the present invention 
over the frequency, phase, and amplitude of the electromagnetic wave generated by transnitiing antennas 203, 205, 
207. and 209. the present invention allows the measurement of the absolute amplitude attenuation of electromagnetic 
signal between any particular transmitting antenna 203. 205, 207. and 209 and any particular receiving antenna 211. 
21 3. Furthermore, the logging tool 201 of the present invention allows for the absolute measurement of the phase shift 
of an electromagnetic signal between any particular transmitting antenna 203. 205, 207. 209 and any particular receiv- 
ing antenna 21 1. 213. Prior art devices do not allow such optional techniques for determining ampfitude attenuation and 
phase shift since prior art devices are unable to determine easily and predsety the frequency, phase, and arrplitude of 
a signal generated at any particular transnutting antenna. 

The operation of numerically controlled osciilalors 223, 225 is docked by the output of reference clock 237, which 
is preferably 12 megaHertz. The operation of receiving circuit 231 is controlled by the output of numerically controlled 
osdilator 231 . which is also clocked by the ou^ of the reference dock 237. which is 12 megaHertz. Thus, a cfocking 
puis is provided to numerically controlled oscillator 223. 225 at a frequency identical to that wNch is provided to 
numerically contrdted oscillator 223. which establishes the operating frequency of receiving circuit 231 . Digital signal 
processor 221 is docked by the output of dMde4>ydrcuit 239, and thus sanples the ou^ at 
a particular frequency which is much less than that utilized to energize transmitter antennas 203. 205. 207 and 209. 

Numerically controlled osdilator 233 produces a phase-locked sine-wave signal with a center frequency of 1.995 
Mfu, that used as a focal osdilator signal ty receiving circuit located in efectronics housing 73. > 

Reference is now made to Figure 4. The overall function of the drcuitry depided in btock diagram and schematic 
form in Figure 4 is to respond to the local osdilator signal and one of the two receiver coil output signals to produce a 
receiver phase output signal relative to the transmitter and a receiver amplitude output signal. A conventional pre-amp 
Ctfcuit generafly indMed at 271 responds to the receiver pkk-vp signal and its output is applied to a mixer drcuit 
arrangement generally indfoated at 273. Mixer drowt arrangemertt 273 indudes an integrated circuit 275 If^at suitably 
is implefnented by an Iritegrated drcuft manufactured and sold l)y Motorofo a^ 
MC159& 

Because the frequency of the pick-up signal and the local osdilator signals are phase4ock8d to a common fre- 
quency reference and differ by 6 Khz, the intermediate frequency (IF) produced by mixer drcuit arrangement 273 is at 
6 Khz. A band pass tuning drcuit arrangement generally indicated at 277 passes the 6 Khz IF signal to an anpirier c^- 
OAt arrangement generally mcBcated at 279. An active t>and pass fitter drcuit anangement generally indkstted at 2S1 
provides further band pass fittenng and provides a signal to an anafog-to-digital converter, which suppRes a digital input 
to a particular irput channel of digital si^ial processor 221 (of Figure 3). 

Figures 5A and 5B is a bfock diagram view of the numerically-controlled oscillators 223. 225, 233 of Figure 3. 
Since the numerKafly-contioSed osdHators are identical, only numerically<x)ntiolled oscillator 223 will be dtecussed 
arid described. In tiie preferred embodiment of the present invention. numericaBy-oontrolled osdilator 223 comprises a 
CMOS. DOG rnoduiator rnanufactured by Anatog Devices of Norwood, Massac 

AD7008. TTte numerically<!onttolied osdiator 223 indudes a thirty-two bit phase accumulator 301 , a sine and cosine 
~ look-up^table 303, and a ten-bit digital to anatog converter 305. Clock input^OT^is provided to receive a docking signal 
from a device wNch is external to ttie numerically-controlled escalator 223. The particular numericafly-controlled oscil- 
lator of the present invention is adapted to accept dock rates as high as twenty megaHertz to fifty megaHertz. but can 
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acoomnxxIMB much lOMW cfcxk rates. ITie 
one part in four bilfioa Numenca({y<x}ntr^ 
serial (tela at serial data anput pin 31 1» 
p6ed to senal dock input 3t3. A thrrty^tMK) bit paiallel re^ste^ 
5 from MPUimerfeK»3t5i Data txJS 317 indixles^een digits 

pan 321 is utilized when writing to the parallel register 313.7^ pin 319 is also ufifized when writing to the parallel 
register 309. The transfer control address bus 323 is utifized to deteninne the source and destination registers that are 
usedduririg a translisr. Asource rieglster can be eithtf 

309, The destination register can be ariy one ol 0ie fonowing registers: the oon^^ 
10 327. the FR^I register 329. tie phase register 331. the IQMOD reg^ 333. The command register is written to onl/ 
through tfie parallel assennbly register 313. The contents of the command register determine the operating state of ttie 
numerically-controBed osctHator 223. In ttie prefen^ed device utilized in tiie present invention, the command register is 
a four bit register. The content of ttiis register determines the operatrig state of the numericafly-controlled oscillator. 
During logging operations, ttie logging apparatus of the present invention is programmed to provide commands from 
15 processors 215, 217, 219 (of Figitfe 3) with eight-bit commands, so the XRO" bit is 0. Normal operation is desired, so 
the "CR1 " bit is 0. In tiie present invention, amplitude modulation is bypassed, so ttie '•CR2" bit is 0. In the present inven- 
tion, the synchronizer logic is enat4ed so tiie "CRS" bit is 0. Tlie FREQO register 327 defnnes the output frequency of 
the numericaHy-controUed osdllator 223. when the FSEL£GT pin is 1 . as a fraction of the frequency of tiie dock signal 
cq3priedtDCtockpind07. TheFREQl regteter329defir)estheou1pUfirequencyofthenun)ericany-oontron 
20 223. when FSELECT equals 1. as a frequency of the cfock signal appfied to dock ^ 

register 331 are added to tiie output of the phase accumulator 301. The IQMOD register 333 is not utilized in the 
present invention. 

The operations can t>e performed with the registers by supplying command signals to transfer control address tus 
323. Three k>asic operations can be performed. The contents of the parallel assembly register 313 can t>e transferred 

25 to command register 325; the contents of the parallel assembly register can be transferred to a selected destination reg- 
ister; and tiie contents of the serial assembly register 309 can be transferred to a selected destination register. 

The load register pin 335 is utilized in corijunction with the transfer control address bus 323 to control toading of 
internal registers from either the parallel or serial asserhbiy registers 309, 31 3. The test pin 337 is utilized only for fac- 
tory testing. The reset pin 339 is utilized to reset the registers. The reset pin in particular i^ 

30 register 325 and all the modulation registers to 0. The current output pins 341 . 343 are utilized to st43piy an alternating 
current toa seleded end device. In the particular enrtbodiment of the present invention, only one of these outputs is uti- 
lized for a particular transmitting antenna, since one current is the compliment of ttie other current The compensation 
pin 342 is utiTized to compensate for ttie internal reference ampfif ier. The voltage reference pin 343 can t>e iMzed to 
override an internal voltage reference, if required. The full-scale adjust pin 345 detemiines the magnitude of tiie ftdl 

35 scale current at output pins 341 . 343. The ground pin 347 provides a ground reference, while the positive power supply 
pin provides power lor the analog components vtnttiin numertcally-controiled oscillator 323. The frequency select p'm 
351 controls frequency registers FBEQO register 327 and FREQ1 register 329, by determining wNch register is used 
in the phase accumulator 301 by controlting mutttpfexer 353. The contents of phase registei:331 is added to the output 
of phase accumulator 301 at sumer 355. The IQMOD registers 333 are provided to allow for eitiier quadrature ampfi- 

40 tude modulation or amplitude modulation, so ttie sine and cosine outputs ol took-ip table 303 are added togettier at 
sumer 357. and are unaffected by the K^A^ registers 333. The output of surner 

converter 305. which creates an analog signal having a frequency which corresponds to eittier ttie contents of ttie 
FREQO register 327 or ttie FREQl register 329. a phase which is determined by ttie ou^ of sumer 355 which is pro- 
vided as an input to look-up tat)le 303. and an amplitude which is determined by fu8 scale control 359 which is set t)y 

4S fun scale adjust pin 345 and reference voltage pin 343. Therefore, tiie numerit^-controlled osaHafor of Ftgi^es 5A 
and 5B can provide an analog output having a precise frequency attribute, phase attrfoute. and arrplitude attrtxite. 
Snce tiie device is extremely accurate, it is possible to provide a driving curentfor the transmitting antennas 203, 205. 
207. 209 of Figure 3 which is controlled predsely In the prefen^ed embodiment of ttie presem invention, one of trans- 
mitting antennas 203, 205 is op^ed at 400 KHoHertz. while the ottier of transmittffig antennas 203. 205 ^ operated at 

so 2 megaHertz. Ttie same is true for antennas 207. 209. witti one being operated at 400 kifoHertz and ttie other being 
operated at 2 megaHertz. However, ttie processors 215. 21 7, 219 can be pro^mmed to provide any particular fre- 
quendes for the transmitting antennas. This wiff t>e used to good advantage as wil l>edescrft>ed below in conneclion 
witti a calforatibn routine. 

In operation, acommand signal is suppfied to the FSELECT pin 351 todetermine which frequent win l)e utilized 
55 for energizing a particular transmitting amenna. The FREQO register 327 and FR register 329 may be preloaded 

- witti two particular fi^equendee (such as 400 kifoHertz and 2 megaHertz). The iJinary signal applied to ttie FSELECT - - 

p«n 351 determines the operation of multipi&cer 353, wtiich supplies the contents of either FREQO register 327 or 
FREQl register 329 of ttie input of phase accumulator 301 . Phase accumulator 301 accumulates a phase step on each 
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dock cydaTtie value of the phase step deten^^ phase accumulator to . 

court two n racfians, that is. cme cyde of the output frequei^^ 

nultipiied by the frec^iency or me signal applied to tt^ 

muSala 301 is deared. then k)aded with the output (rf nrfti6plo(&- 

5 pass» during which the signal appBed to dock input pin 307 steps t^^ 
inenU% increasing phase lor the pellicular frequency. ^ 

Ibr a particular frequency. At any linw; the oulput of 

suppBed fay phase register 33t. Phase register 831 rny be toaded In response to oonwnands from prooessois215t, 
21 7. 219. The phase value is si^ipled as input to knkHjp taUe 303*1^^ 
10 301 (and any dedredoRseO into a digital bit stream whtoh is representatira 

is si^ed as an input to the 10-bit cfigital-to-analog converter 305 which also receives amp&tude informatics from full 
scale ointrd 359. The digitaMo-anabg converter 305 suppfies an anabg output w^ 

phase attr3xite. and ampGtude atbrftxite. For example, an output of 2 megaHertz, with 15* of phase, and a parlicutar 
peak amplitude current may be provided as an input to a particuiar transmitting antenna. 

ts Ftgtue 6 is a btocfc diagram view of the digital signal pnxessor 221 of Figure 3. In the preferred embodiment of the 
present inventions digHal signal processor 221 oonnprises a DSP rnicrooomputer manulactored Anatog Deuces of 
Norwood. Massachusetts^ which is kJentif ied as Model Na ADSP-21 01 . This is a singieK^ microcomputer whkA is 
utilized for Ngh-speed numeric processing applicalk)n& Its base architecture 379 is a fiiBy oonpatible superset of the 
ADSP-2100 instruction set The base architecture includes three independent computational units: shifter 371. mM- 

so plierAaccumutator 373. and arithmelic and logic unit (ALU) 375. Program sequencer 369 supports a variety of opera- 
tfons induding conditional jumps, subroutine calls, and returns in a dngfe cycle. Data address generator 367 indudes 
two address generators. C^tal signal processor 221 indudes serial port 381 which indudes two vput channels: input 
channel 383. and niput channel 385. Timer 387 provides timing signals for the data processing operation, and receives 
as an input a clock signal from dtvlde-by drcutt 239 (of Figure 3). BfXeiT\a\ address bus 289 and external data bus 391 

25 aitowv distal communication t)etween d^itat signal processor 221 and central processor 315 of Figure 6. Memory 393 
indudes prognam memory 395 and data memory 397. As is typical with digital signal processors, data memory 397 
defines af least two drcular buffers associated with serial ports 383. 385. which are designed to receive asynchronous 
digital ctata. and store it indefinitely or for a predetermined time intenral. Tlie digital stgnat processor 221 receives digital 
inputs at channel vtputs 383. 385 from an analog-to-di^tal converter, such as is depided in the circuit of Rgure 5. The 

30 receiving drcuit of Figure 6 receives a current which is representative of the response of a particuiar receiving antenna 
21 1. 213 to electromagnetic radiation propagating tiirough the txxehole. This electrical signal is processed through the 
drci^t components of Figure 6. and is provided as an input to digital signal processor 221 . In the preferred embodiment 

of the present invention, receiving antenna 21 1 is identified with a particular input channel of digital processor 221 . f 
while receiving antenna 21 3 is identified witfi the other input channel of digital signal processor 221 . Central processor 

35 2 1 5 (of Figure 3) utilizes external address bus 389 and external data bus 391 to address a particular input channel and ' 
read digital data into central processor 21 5 for processing. In the prefen^ed embodiment of the present vrmtooru digital \ 
signal processor 221 can sample data from receiving antennas 21 1. 213 at arvery high sampling rete^ which can be <• n 

read periodically by central processor 21 5 which processes the date to determioe the amplitude attenuation and phase t r 

shin of the electromagnetic signal which is propagated through the borehole. One particular routine for calculating 

40 arvipitudeattenuaAionandphaseshiftissetforthingreaterdeteito 

cancellation featore of the present invention, to broad overview, central processor 21^ 

date from each channel of digital signal processor 221. and from that date calculate the anptitude attenuation and 
phase shffi of toe electromagnelic wave as it propagates through the wellbore and past receiving antenna 21 1 and 
receiving antenna 213. In the preferred embodintent of the present invention, an upper transmitter transmite an interro- 

45 gating eleciromagnetic signal of a particular frequency which propagates downward past receiving antennas 21 1 . 213. 
Then, a particular one of lower transmitttng antennas 207. 209 propagate an interrogating electromagnetic signal 
upward. Measu-emente from receiving drcuit 231 are stored ki the input channels of digital signal processor 221, and 
read by central processor 215 m a manner which aBows fa the calculation of ampTitude attenuation and phase shift 
Another important feature of the present invention arises from ttie fact ttiat a precise energizing current can be uti* 

so Tized to energize a particular one of transmitting antennas 203, 205. 207. 209. T?iis will establish the frequency attribute, 
phase attribute, and amplitude attribute of the electromagnetic interrogating signal. Therefore, a single receivffig 
antenna can t)e utiTtzed to nrKri« the nrieasurement of the electromagnetic interrogating s^ 
welbore The ampTitude and phase of that IritenfogaAing s^ 

in memory for the energizing current This allows a single receiving antenna to be used to provide an accurate measure 

6 of amplitude attenuation between that particular receiving antenna and ti^e particular transmitting antenna, and tfie 
phase shift of the interrogating signal between^the transnvtting antenna and tiie receiving^^antenna^-Of course.- the 
amplitude attenuation and phase shift of the electron)agn0tic interrogating signal as it passes ttirough tiie formation is 
indicative of the resistivity of the wenx>re and surrourxjing formation. 
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HguresTATaandTCprovkt high level fkHvichartrepresentat^ 
wHh me preferred efTtafiment of th preseritlrivenlm Figure 7AdepN;ts logic 8^ 

processor 215. Figure 7B represents operalions controlled by processors 217, 219. Figure 7C depicts operafions oorh 

trolled b/ digital signal processor 221 arxl central processor 215. The tmnsnttssion operalions be^ 

essor 215 performs a caIit)ration operation upon rec^vmg antennas 211, 213. as w9l be discussed in greats detail 

elsewftere m this appficatioa Mer tfie calBTration operations are performed central processor 21 5 mstruds processor 

21 7 to energize transminihg antenna 203 «nth a AOO IdloHertz current Then, in acooitlanoe with block 407» central proo> 

essor 215 fnstivcts processor 219 to energize transm'tting antenna 209 with a W 

essor 21 5 irietructs processor 2 1 7 to energize transmitting antenna 2^ 

block 409. Then, In occurrence with btoCk 411, central processor 215 instructs processor 219 to energize transniilfihg 
antenna 207 with a 2 inegaHertE cunent The process stops £A block 413 Jn actual practte^ 
win be performed oonHrtuously over predefined intervals. 

Figi^e 7B depicts the control operatk)ns performed by processors 217, 219 to cause numericafty controned oscd- 
lators 223, 225 to energize particular transmitters. The process begins af btock 415. H continues at block 417, wherein 
the processor 217 or 219 clears the registers in numericaRy conlrofied csdnafors 223 or 225 by providing the appropri- 
ate instructioa Then, in accordance with btock 419, processor 217 or 219 toads a predetermined value to the FREQO 
register and the FREQ1 register. These vatoesdetenrnine the frequency of the energizing current 
a psrtfoular transmrttihg antenna. Thert, in accordance with btock 421, processor 217 or 219 loads a predetehnned 
pfiase vatoe to the phase register of numerkalty controBed oscillator 223 or 22& 

binary command to the FSELECT iiput pin ol numertoatly controlled oscillator 223 or 225 to select a particular fre- 
quency of operation. Then, in accordance with btock 425, a parttoular time interval is allowed to pass. This lime interval 
determines how many cydes of energizing current are appfied to a particular transmuting antenna. The process ends 
at software block 427 Typically, each time processor 217 or 219 is instructed by central processor 215 to energize a 
particular transmitling antenna, the steps of Figure 76 are performed. 

Figure 7C depicts ri ftowchart for the reception operations. The process begins a! block 429. The process contin- 
ues at block 431 , wfierein the current within receiving antennas 21 1, 213 are sannpled by receiving circuit 231 . Then, m 
accordance with btock 433. these sanrples are loaded to the appropriate input channels 283, 285 of digital signal proc- 
essor 221. In accordance with block 435, central processor 215 fetohes selected sanples from the memory buffers 
associated with the digital signal processor input channels. In accordance with btock 437, opttonally, samples may be 
modified to oHset for error conponents due to "miscalbratton* of the antenna, wtuch wi> be descrit>ed in greater detail 
elsewhere in INs appl'icatfon. Next, in accordance with software block 439. the digrtat samples may be digitally fiter with 
either a kwv-pass digital filter, high-pass digital filter, or a bandpass digital f ater. Aftematively. the samples can be aver- 
aged over predefined intervals to provide stability to the samF^ and eliminate the influence of spurious or erroneous 
sairples. Next, in accorxiance wi^ btock 441. the amplitude attenuation and phase shift are calculated, as is described 
Isewhere in this appTicatioa Finally, the process ends at block 443. 

Claims 

1. A method of well-togging to a borehole in order to gerterate log data for a particular fbrmatiw 

generating a nrxxJd whfoh maps, for a formation type sinfiiiar to sM 
to anisotropic formation corxluctivity; 

rnakihg at toast one rneasurement of said partkajrtar formation at a 

making at least one measurement of said parfoular flormatton at a second interrogatton frequency; 
utffizing saki measurernenis and saM rnodei to cakujiate values of at least one of : 

(a) the horizontal and vertical conductivities of sakf particular formation: 

(b) the horizontal and vertfoal <fielecbic pennifivity of said particular fonnation; and 

(c) a dip angle of sakf borehole. 

2. A method of welMogg^ng according to claim 1 , wherein s^d model is corrprised of machine-readak^e data. 

3w A method of weO-togc^ according to daim 1 . wherein said steps of making at least one measurennent comprise: 

making at least one rneasurennem of said particular forrnatton at one partk»la^ 
— — -making at least two measurements of said parttoular formatfon at a second partkailarintenogation frequ&icy. 

4. A method of well-logging aocofding to daim 1 . wherein said step of utilizing said measurements and said model to 
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calculaleoonnprises: 

wherein said first intefiDQafion frequency oonniMrises a frequency ffnt vs tMBnt^ Idw in comparison to sakt 
second tntemigBtion frequency; 

ufiizingsaklmeasuremenls and said nfxxtel values to calculate foltowing: 

the horizontal and verticat conducth^Tftes of sak^ 

(b) tho horizontal and vertical dieiectrk; pennHM^ 

(c) a dip an^ of said txvehoiei 

5. A method of weB4og^acoonling to claim 
value to calculaia comprtses: 

utilizing said measurements and ssdd model values to calculate at least one of the following utiliznng a four- 
dimension nwersionz 

(a) the horizontal and vertical conductivilies of said particular formation; 

(b) the horizontal and vertical dielectric permifrvity of said particular formation: and 

(c) a cTtp angle of said borehola 

6. An apparatus for wefl-iogging in a borehole in order to generate log data for a particular formation, comprising: 

a programmable controfler; 

machine readable data which defines a model which inaps. for a formation type simitar to said particular for- 
matioa cSelectric permitrvity to anisotropic formation conductivity aocessftjie by s&ud programmable controller; 
a transmitter and receiver assembly for: 

(a) making at least one measurement of said particular formation at a first interrogation frequency; 

(b) making at least one measurement of said particular formation at a second interrogation frequency; 

program instructions for utilizing said measurements and said model to calculate values of at least one d: 

(a) the horizontal and vertical conductivities of said particular formation; 

(b) the horizontal and vertical dielectric permrtivity of said particular formation; and 

(c) a dip angle of said borehole. 

7. An apparatus for well-logging, aocoicfing to dalm 6. wtierein sakl model ooiTfmses machine readable data. 

8. An apparatus tor welt-foggmg according to dann 6^ wherein said transnriM 

one measuremem at one particular inlerrogaiion frequency and at least two ineasurerne^ 
interrogation frequency. 

9. An apparatus for weO-logging accoiding to daim 6. wherein said program instructions indude program instructioris 
for determination of particular ones of horizontal and vertical conductMHes and horizontal and vertical cfielectric 
pemufM'es through an inversion process. 

1 0. A method of well-togging in a borehole, comprising: 

providing a angle for saki borehole; 

making at least one measurement of said particular formation at a frst particular interrogatfon frequenqr; 
rnaldng al teast one measurement of sakl particular forrnation at a second parted 
utilizing saU measurements to calculate values of at least one c$ the folkw^: 

(a) horizontal conductivity; 

(b) vertical conductivity; 

-(ci'horizontaldielecfr — ■■> w i.. r. i, . — 

(<Q vertical dielectric permiHvity 
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11. An apparatus for weO-toggnr^ in a borehofe, comprising: 

a programmable oonlroQer; 

a source for providing a dip angte for saicfborehol ; 

a transmitter and receiver assembly for: 

(a) making a ptuiafily of measurements of said particute^ 
quenc^ - 

(b) maldng apturalily of measuremenlsd saki partotar fom 
quency; 

program instructions for ut'Gztng saxi measurements to cafcuiate values of at (east one of: 

(a) horizontal oondudivr^: 

(b) vertical conductivity: 

(c) horiz o ntal dielectric permitivity; and 
((Q vertical dielectric permtfivity 

12. A method of welMogging in a borehole in order to generate tog data for a particular formation, comprising: 

generating a model which maps, for a formation type stmiiar to said particular forniaf ion, cfietectrtc pemvtivity 
to anisotropic formation conductivity; 

making a plurality of moasurGtmriiB of saki partknjiar formatfon at a particular interrogatfon frequency; 
utilizing sakS measurements and sakS model to cafoulate values of: 

(a) horizontal conducSvify; and 
Ct>) horizontal dielectric permitivity. 

13. A method of wefl-foggtng in a borehole, according to daim 12, wherein said step of utilizing sM measurements to 
cateulate includes performing a pliiraifty of inveisfons to determine particular ones of horizontal conductivity, verti- 
cal conductivity, horizontal dielectric permitfvtty. and vertical dielectric permitivity 

14. A method of well-fogging in a tx}rehole, according to clann 12, wherein saki plurality of inversfors comprise a four- 
dimensional inversfon pedbrmed as a series of two-dimensfonal inverBfons. 

15. An apparatus for weii-fogging in a txvehole in order to generate tog data for a parlfoular formation, comprising: 

a programmat)le controKer; 

machine readable data whk^ defines a nfxxM whfoh maps, for a form 
matiorv dielecbfo pemvtivity to anisoAropfo formation condud 

a transmitter and receiver assembly for making a plurality of measurements of saki partfoular formation at a 
particular tntenrogation frequency; 

program instructions for utifo^ sakJ measurements and sakJ model to calculate vafoes of: 

(a) horizontal conductivity; and 

(b) horizontal dieleclrfo constcUit. 

16. An apparatus for well-toggfog in a borehole according to daim 15, wherein sakI program instnjctions for utiPcing 
saSfS measurements indude program instnjctions for perfor mkig a pturafity of 'mversfons to determine at least one 
of horizontal conductivity, vertical conductivity, horizontal dielectric perrnitivity. and vertical dielectnc pernvtivity. 

17. An apparatus for welHog^ngina borehole, according to daim 15. wherein saki plurafityo^ 
four<firnensk>nal inversfon performed as a series of two^imensfonal inverse 
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